We discuss the production of real or virtual photons in a quarkgluon plasma.
Introduction
It has long been thought that electro-magnetic probes i.e. real or virtual photons would provide a way to detect the formation of a quark-gluon plasma in ultra-relativistic heavy ion collisions. The energy distribution of the photons would allow to measure the temperature of the plasma provided the rate of production in the plasma exceeds that of various backgrounds. It is expected that this will occur in a small window in the GeV range for the energy of the photon. At lower values of the energy the rate is dominated by various hadron decay processes while at higher values the usual hard processes (those occurring in the very early stage of the collision before the plasma is formed), calculable by standard perturbative QCD methods, would dominate. In contrast to hadronic observables (or heavy quarkonia) which are sensitive to the late evolution of the plasma as well as to the re-hadronisation phase, the photons in the GeV range are produced soon after the plasma is formed and then they escape the plasma without further interaction.
We assume the plasma in thermal equilibrium (temperature T) with vanishing chemical potential. The rate of production, per unit time and volume, of a real photon of momentum Q = (q o , q) is
while for a lepton pair of mass Q 2 it is
where Π R µ µ (q o , q) is the retarded photon polarisation tensor. The prefactor n B (q o ) provides the expected exponential damping exp(−q o /T ) when q o ≫ T . This report is devoted to the study of Π R which contains the strong interaction dynamics of quarks and gluons in the plasma. The theoretical framework is that of the effective theory with re-summed hard thermal loops (HTL) [1] . We briefly review the status of Im Π R calculated up to the two-loop approximation. Some phenomenological consequences are mentioned. Then we turn to a discussion of higher loop corrections. 
The two-loop approximation
Following the HTL approach [1] one distinguishes two scales: the "hard" scale, typically of order T or larger (the energy of quarks and gluons in the plasma) and the "soft" scale of order gT where g, the strong coupling, is assumed to be small. Collective effects in the plasma modify the physics at scale gT i.e. over long distances of O(1/gT ). These effects lead to a modification of the propagators and vertices of the theory and one is led to introduce effective (re-summed) propagators and vertices. This is easily illustrated with the example of the fermion propagator, S(P ), which in the "bare" theory is simply 1/p (we neglect spin complications and make only a dimensional analysis). The thermal contribution to the one loop correction Σ(p) is found to be Σ(p) ∼ g 2 T 2 /p which is of the same order as the inverse propagator when p is of order gT . The re-summed propagator * S(P ) = 1/(p−Σ(p)) is then deeply modified for momenta of O(gT ) whereas the thermal corrections appear essentially as higher order effects for hard momenta. Likewise, the gluon propagator and vertices are modified by hard thermal loops when the external momenta are soft [1] . One can construct an effective Lagrangian [2] in terms of effective propagators and vertices and calculate observables in perturbation theory. In the one-loop approximation, the photon production rate is given by the diagram shown in fig. 1 where the symbol • means that effective propagators and vertices are used. The result has been known for some time and can be expressed, in simplified notation, as [3, 4] Im Π
where m 2 q ∼ g 2 T 2 is related to the thermal mass of the quark. One notes the presence of a "large" logarithmic term ln(1/g) dominating over a "constant term" C(Q 2 /m 2 q ). The two-loop diagrams are displayed in fig. 2 . In principle, there are more diagrams in the effective theory but only those leading to the dominant contribution are shown. All propagators and vertices should be effective but since the largest contribution arises from hard fermions it is enough, following the HTL strategy, to keep bare fermion propagators and vertices
The dominant two-loop contributions.
as indicated 2 . Only the gluon line needs to be effective since soft momentum L through the gluon line dominates the integrals. To evaluate these diagrams it is convenient to distinguish between the contribution arising from a timelike gluon (L 2 > 0) and a space like gluon (L 2 < 0). The first type leads to a contribution similar to eq. (3) and requires some care as counter-terms (not shown) eliminate the parts of the two-loop diagrams already contained in the one-loop diagrams [5] . We concentrate on the second case which in terms of physical processes corresponds to bremsstrahlung production of a photon or production in a quark-antiquark annihilation process where one of the quark is put off-shell by scattering in the plasma (see fig. 3 ). The result for hard photons is [6] Im Π
The reason why these two-loop contributions have the same order as the one-loop one is due to the presence of strong collinear singularities. To calculate Im Π R one has to cut the propagators as indicated by the dash-dotted lines in fig. 2 . In the integration over the loop hard momentum P (with P 2 , (R + L) 2 on shell) the denominators R 2 and (P + L) 2 of the un-cut fermion propagators simultaneously almost vanish when p is parallel to q i.e. in the collinear configuration. This leads to an enhancement factor of type T 2 /M 2 eff where the cut-off M 2 eff = m 2 q + p(p + q 0 )Q 2 /q 2 0 emerges from the calculation. For the kinematic range of concern to us here, M 2 eff ∼ g 2 T 2 so II III I that the two-loop diagram is enhanced by a factor 1/g 2 which compensates the g 2 factor associated to the coupling of the gluon to the quarks. An interesting result of the calculation is the importance of process II of fig. 3 which grows with the energy of the photon and dominates over the other contributions when q 0 /T ≫ 1 as shown in fig. 4 . Phenomenological applications of these results have been carried out and the two-loop processes have been included in hydrodynamic evolution codes to predict the rate of real photon production at RHIC or LHC [7] . It is found that the two-loop processes (especially the annihilation with scattering) lead to an increase by an order of magnitude compared to the one-loop processes. This may even have consequences for heavy ion collisions at SPS energies [8] . Several effects may reduce these over-optimistic predictions: lack of chemical equilibrium and more importantly higher order corrections as discussed next.
Higher order corrections
Since the one-loop and two-loop results are of the same order it is reasonable to worry about the convergence of the perturbative expansion in the effective theory! The enhancement mechanism operative at two-loop could also be at work at the multi-loop level especially in ladder diagrams, an example of which is shown in fig. 5 : indeed many "small" fermion denominators appear in such diagrams which can produce a pile-up of collinear singularities. A recent study of the three-loop ladder diagram shows that [9] Im Π min and the Debye mass acts as a cut-off with the result that the three-loop contribution is suppressed by a factor g compared to the two-loop. On the contrary, for a transverse gluon, both regulators are of order g 2 T (as long as Q 2 /q 2 0 < g 2 ) and the three-loop diagram is of the same order as the two-loop one. One is therefore in a nonperturbative regime. The problem is similar to the magnetic mass problem pointed out by Linde in the perturbative calculation of the free energy [10] , except that here it appears at leading order.
Another effect which can modify the collinear enhancement mechanism is related to the fermion damping rate. Indeed, including the damping rate on the fermion lines, will shift the pole of the propagators away from the real axis: this affects the enhancement mechanism based on the nearvanishing of the denominators. Ignoring the requirement of gauge invariance and concentrating only on the mathematical effect of shifting the poles to this is due to the different q o dependences of the real and imaginary parts of M 2 eff . For virtual photon production, one notes that the quantity |Re M 2 eff | increases with Q 2 at fixed q o so that the ratio Γ = Im M 2 eff /Re M 2 eff , which controls the relative importance of the width, decreases. For Q 2 large enough the effect of Γ will become negligible and the two-loop calculation should be adequate. This is illustrated in fig. 7 . Equation (6) lends itself to a simple interpretation. It can be written as
where λ mean = 1/Γ is the mean free path of the quark in the plasma and λ for = 2p 0 (p 0 + q 0 )/M 2 eff q 0 can be shown to be the formation length of the photon. Then, if λ mean ≫ λ for the effect of the damping rate can be ignored and the corresponding higher order diagrams are suppressed. In the opposite case, re-scattering in the plasma modifies the two-loop result. This is equivalent to say that the Landau-Pomeranchuk-Migdal (LPM) effect [12] has to be taken into account in the calculation. Two interesting features emerge from the above discussion: 1) the LPM effect not only modifies the production of bremsstrahlung photon but also that of very hard photons emitted in the "annihilation with scattering" process as illustrated in fig. 6 ; 2) if the virtuality Q 2 of the hard lepton pair is large enough then one falls in the domain λ mean ≫ λ for and the perturbative calculation at two-loop is sufficient.
The problems discussed above are an illustration of a more general situation concerning thermal Green's function with external momenta close to the light-cone [13] .
The production mechanism of hard photons in the plasma is very complex. New processes appear at two-loop which considerably increase the rate of photon production calculated at one-loop. However, for real or small mass virtual photons the higher loop diagrams become important and the rate turns out to be non-perturbative. Taking into account higher order effects to obtain a quantitative estimate remains to be done.
